A new canine model of focal cerebral ischemia has been developed employing intravascular delivery of microfibrillar collagen via femoral catheterization. In 13 dogs, dose-effect studies showed neurologic deficits (ranging from mild hemiparesis to death) related to the dose of microfibrillar collagen delivered. In another 10 dogs, 0.5 ml of 60 mg/ml microfibrillar collagen was injected into the common carotid artery; neurologic assessment over 48 hours revealed a survivable stroke syndrome in seven dogs, death at 40 hours in one dog and at <12 hours in another, and no clinical effect in one dog. The eight surviving dogs were sacrificed at 48 hours; nine of the 10 dogs had middle cerebral artery distribution infarcts (two grossly hemorrhagic and five grossly nonhemorrhagic) on histologic examination. Angiography in three dogs demonstrated no significant major vascular occlusion. All seven dogs with survivable strokes demonstrated a dense hemiparesis at 24 hours that improved to ambulatory status at 48 hours. The use of microfibrillar collagen to produce middle cerebral artery strokes in dogs provides a new opportunity to study cerebral ischemia without surgery involving the cervical or cranial vasculature. Dogs have larger brains than other common animal models and thus are more amenable to study with imaging modalities. A model with a measurable but survivable insult provides an opportunity for short-and long-term clinical follow-up and for the investigation of therapeutic interventions. (Stroke 1989;20:1361-1367)
O ne of the most widely used animal models of focal ischemia involves permanent or reversible occlusion of the middle cerebral artery (MCA).
-
11 However, this model is compromised by the necessity of enucleation to gain access to the MCA, by violation of the dura, and by the need for sophisticated microsurgery. The physical manipulation of subarachnoid vessels and adjacent brain tissue as well as the risk of spinal fluid leakage further complicates this model. The fact that intracranial surgery is required raises questions as to whether the model is sufficiently analogous to embolic disease to allow extrapolation of physiologic data to the more common circumstance in humans. One embolic model in dogs 5 -6 ' 11 uses silicone cylinders introduced into the internal carotid artery to embolize the MCA, producing basal ganglia infarcts. However, this technique also requires surgical access to the carotid arteries in the neck and results in persistent occlusion of the main trunk of the MCA. We have recently developed a modification of this model that results in reversible occlusion. 11 Primates would provide the best model for cerebrovascular disease amenable to study with noninvasive imaging modalities; however, both ethical and economic issues limit the widespread use of primates.
Because their brains are large enough to image radiographically, dogs represent an acceptable alternative to primates as candidates for the study of cerebrovascular disease. Remote delivery of embolic material is desirable to study ischemia immediately following its onset without contamination by surgical artifacts. Using microfibrillar collagen (Avitene; Aicon Laboratories, Inc., Fort Worth, Texas), we have developed a model for cerebral ischemia in dogs that consistently creates infarcts in the MCA distribution and permits clinical-pathologic correlations and simultaneous physiologic studies. We describe the model and the attendant clinical, angiographic, and histopathologic results.
Materials and Methods
Microfibrillar collagen is commonly used in neurosurgery as a topical hemostatic agent. Its applica-tion provides a scaffold for platelet adherence and accelerates clotting by a direct action on the platelets. 12 For administration in this study, a slurry was prepared by suspending varying amounts of microfibrillar collagen in saline (total volume 1 ml). Two groups of dogs were studied to investigate dose-effect relations of microfibrillar collagen (Group 1) and the consistency of the neurologic insult at a constant dose of microfibrillar collagen (Group 2).
In Group 1,13 mongrel dogs, unselected as to age or sex and weighing 10-25 kg, were induced under general anesthesia with approximately 15 mg/kg i.v. thioamylal. Doses of 50-100 mg thioamylal were subsequently administered to maintain general anesthesia. Following endotracheal intubation and ventilation with room air, the left common carotid artery (CCA) was surgically isolated and concentrations of microfibrillar collagen in saline ranging from 120 to 1,000 mg/ml in total volumes ranging from 0.45 to 3.0 ml were administered directly via needle puncture. The dogs' neurologic status was evaluated for up to 5 days.
Group 2 comprised 10 dogs, anesthetized as described above. The left femoral artery was isolated in the inguinal region and a 5.5-French Hinck 1 catheter (Cook, Inc., Bloomington, Indiana) was introduced and advanced under fluoroscopic control until the tip was 1-2 cm proximal to the bifurcation of the left CCA. Following verification of placement, 30 mg of microfibrillar collagen in saline at a concentration of 60 mg/ml was introduced into the catheter and flushed with saline. In two dogs, angiography was performed immediately after embolization via the catheter in the left CCA. In these and in two other dogs, angiography was also performed 48 hours after embolization. Regional cerebral blood flow was measured in six dogs in Group 2 using the tracer microsphere technique (M.D. Devous, C.L. White, P.D. Purdy, H.H. Batjer, unpublished observations). Total neurologic status was scored in each dog (Table 1) 24 and 48 hours after embolization. Absence of ambulation in eight dogs at 24 hours made circling behavior nonassessable. By assigning the highest score for a category to nonassessable dogs, we weighted the most severe deficits more heavily. All Group 2 dogs that survived 48 hours after embolization were killed at that time by pentobarbital overdose.
Following sacrifice, all brains from Group 2 dogs were removed and placed in 10% phosphate-buffered neutral formalin. After at least 48 hours of immersionfixation, the brains were sliced in the coronal plane and photographed. Perfusion-fixation was avoided to prevent dislodging occlusive material and because it seemed unlikely that tissue distal to the occlusion would perfuse. Slices were then dehydrated in alcohol and xylene, embedded in paraffin, mounted on oversized glass slides, stained with hematoxylin and eosin, coverslipped, and examined by light microscopy for histopathologic alterations associated with ischemia according to classic criteria. 13 -16 Gross evidence of infarction included softening, duskiness, and swelling (edema), the latter attended by obscuration of the gray-white matter junction and widening of the cortex. Microscopic criteria included cytoplasmic eosinophilia and poor nuclear staining or karyolysis in neurons, "ghost" neurons, rarefaction (spongiosis) of the neuropil, congestion of small parenchymal blood vessels, infiltration by leukocytes (especially polymorphonuclear leukocytes), and pallor of the white matter with demarcation of normal from abnormal myelin. If more than a few petechia were present (especially in the gray matter), the lesion was classified as a hemorrhagic infarct. If only rare, scattered foci of diapedesis of the erythrocytes were present, the lesion was classified as a nonhemorrhagic infarct.
Results
In Group 1 dogs, the severity of ischemic injury was proportional to the total volume of material injected. Doses of 720 and 450 mg microfibrillar collagen in saline at concentrations of 240 and 1,000 mg/ml, respectively, killed two dogs. In all of the other 11 dogs, 50 mg microfibrillar collagen on saline at a concentration of 120 mg/ml (0.4 ml) produced hemiparesis and variable alteration of consciousness, but three of the 11 subsequently died. Therefore, we decided to use 30 mg microfibrillar collagen for Group 2 dogs to improve survival. Catheter delivery trials revealed that a 120 mg/ml slurry was too viscous to administer smoothly by hand but that a 60 mg/ml slurry could be delivered easily. Neurologic scores of the Group 2 dogs 24 and 48 hours after embolization are presented in Table 2 . Eight dogs demonstrated a right hemiparesis or hemiplegia (motor function scores of 3 or 4) at 24 hours, one dog had died at 12 hours, and one dog had no deficits (motor function score of 1). One of the eight dogs observed to be hemiplegic at 24 hours became progressively obtunded and died at 40 hours, but the other seven dogs improved to an ambulatory state (motor function scores of 1 or 2) by 48 hours. The mean±SD total neurologic score for these seven dogs at 24 hours was 7.6± 1.9, which improved significantly to 4.3±1.8 at 48 hours (jxO.001, paired t test). Of the five live dogs judged to have impaired consciousness (consciousness scores of 2 or 3) at 24 hours, four improved and one had died by 48 hours. The mean±SD total neurologic score for all 10 Group 2 dogs improved significantly from 7.5±2.7 at 24 hours to 5.4±3.4 at 48 hours (_p=0.011, paired t test).
Angiography was performed in four Group 2 dogs to assess patency of the vessels in the involved hemisphere; this included vertebral angiography in two and left carotid angiography in all four. In one dog, the angiogram was judged to be nondiagnostic. Adequate angiograms were obtained both immediately and 48 hours after embolization in Dogs 1 and 8. In Dog 10, an adequate angiogram was obtained only at 48 hours. Therefore, a total of five diagnostic angiograms were performed. All five demonstrated patency of the left internal carotid artery, anterior cerebral artery, and MCA. The MCA was demonstrated distal to the sylvian fissure. No other occlusions of the large vessels were demonstrated. Vertebral and left carotid angiograms obtained on Dog 10 at 48 hours are shown in Figure 1 . While patency was demonstrated angiographically in only three dogs, these three represented the full range of infarcts observed, from exclusively microscopic damage to a large hemorrhagic infarct.
Nine of 10 brains had histologic evidence of infarction in the left MCA distribution; the only brain without such evidence was from Dog 6, the total neurologic score of which was normal at all times (Table 3) . Of the nine infarcts, seven were evident on gross examination and two were evident only microscopically. Of the seven grossly evident infarcts, five were nonhemorrhagic ( Figure 2 ) and two were hemorrhagic (Figure 3 ). Of the nine infarcts, two were purely cortical, one involved deep subcortical gray matter, and six were mixed (cortical and subcortical). All five dogs that received tracer microspheres and showed evidence of infarction had mixed infarcts, although one of these was very small. Light microscopic findings from a nonhemorrhagic and a hemorrhagic infarct are shown in Figures 4 and 5 , respectively. No gross or microscopic evidence of infarction was observed in the contralateral hemisphere of any dog.
Discussion
It is desirable in stroke models to consistently produce infarcts in a vascular distribution. For a model analogous to human cerebrovascular disease, the stroke must also be survivable so that clinical follow-up can be obtained. Because artifacts are introduced by mechanical manipulation and violation of the dura, models requiring intracranial surgery are suboptimal. With newer imaging modalities, a species with a larger brain is advantageous. Remote delivery is particularly important for magnetic resonance studies to obtain images or spectra as the stroke is created. Economic constraints favor a model employing animals that are inexpensive enough to permit many subjects and more ambitious studies. The canine microfibrillar collagen model has all these characteristics.
Consistency is demonstrated by the presence of MCA infarcts in nine of 10 Group 2 dogs. Though the degree of infarction within the MCA territory varies, this reflects the multifocal insults that are delivered by embolic models 17 in general and contributes to the analogy with the subpopulation of embolic human strokes as well. Likewise, the neurologic improvement over time is similar to that seen in humans. The previously reported silicone plug model for MCA strokes in dogs has a similar degree of variability in its cortical representations. 18 When longer plugs are used, reproducible basal ganglia infarctions result. 5 Microfibrillar collagen was initially reported to have hemostatic properties in 1969. 19 It is a parted hydrochloric acid amino salt of natural collagen with microcrystals 1 /z,m long. The microfibrillar collagen we used is produced from bovine dermal collagen. Previous studies have shown that microfibrillar collagen accelerates coagulation and platelet adhesion and aggregation in blood even after citration 20 or heparinization. 21 The presence of salicylates similarly does not impair the hemostatic activity of microfibrillar collagen. 21 It is presumed that Factor XI present on the surface of platelets mediates the direct action of microfibrillar collagen on platelets. 22 The gross and microscopic changes we noted in these dogs were remarkably similar to classic neuropathologic observations in human occlusive cerebrovascular disease, 13 -16 although one apparent deviation deserves comment. Embolic occlusion is often associated with the production of hemorrhagic infarcts in humans. 16 The hemorrhage that occurs is ascribed to lysis or breakup of the occlusive embolus, with resultant reperfusion of the associated region of the brain, including its vascular bed, which had been previously rendered irreversibly ischemic. It is possible that the relatively large proportion of nonhemorrhagic infarcts (five of seven grossly evident infarcts) in these dogs is due to the fact that none were allowed to survive for >48 hours after embolization. With longer survival, more infarcts may have "converted" from nonhemorrhagic to hemorrhagic. An alternate possibility is that microfibrillar collagen does not undergo lysis with the same regularity as atheromatous thromboemboli in humans.
While we conducted these experiments under barbiturate anesthesia, which alters cerebral metabolism, 23 with this model the potential exists to deliver an infarcting insult in conscious animals via an indwelling catheter in the CCA. The event can then be studied remotely (e.g., in a high-field magnet or other complex environment). The simplicity of this model is therefore advantageous relative to models requiring complicated microsurgery and violation of the dura. Longer-term follow-up is also possible with this model.
